A methylated membrane protein of 97 kDa was suggested on the basis of mutant analysis to transduce signals from the phototaxis receptor sensory rhodopsin I to the flagellar motor in Halobacterium halobium. Here we report isolation of the proposed transducer protein, cloning of its gene based on partial protein sequences, the complete gene sequence, and analysis of the encoded primary structure. The 1611-basepair gene termination codon overlaps the initiator ATG of the sop1 gene, which encodes the sensory rhodopsin I apoprotein. The predicted size of57 kDa for the methylated protein indicates an aberrant electrophoretic migration on SDS/polyacrylamide gels, as occurs with other acidic halophilic proteins. Putative promotor elements are located in an A+T-rich region upstream of the gene. Comparison of the translated nucleotide sequence with N-terminal sequence of the purified protein shows the protein is synthesized without a processed leader peptide and the N-terminal methionine is removed in the mature protein. The deduced protein sequence predicts two transmembrane helices near the N terminal that would anchor the protein to the membrane. Beyond this hydrophobic region of 46 residues, the remainder of the protein (536-amino acid residues total) is hydrophilic. The C-terminal 270 residues contain a region homologous to the signaling domains of eubacterial transducers (e.g., Escherichia coli Tsr protein), flanked by two regions homologous to the methylation domains of the transducer family. The protein differs from E. coil Tsr in that it does not have an extramembranous-receptor binding domain but instead has a more extended cytoplasmic region. Coexpression ofthe methylaccepting protein gene (designated Mr!) and sop! restores sensory rhodopsin I phototaxis to a mutant (Pho8l) that contains a deletion in the hlal/sopI region. These results extend the eubacterial transducer family to the archaebacteria and substantiate the proposal that the methylated membrane protein functions as a signal-transducing relay between sensory rhodopsin I and cytoplasmic sensory-pathway components.
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Sensory rhodopsin I (SR-I) is a retinal-containing intrinsic membrane protein that functions as a phototaxis receptor in the archaebacterium Halobacterium halobium (also known as Halobacterium salinarium) (1) . SR-I controls swimming behavior of the cells by modulating the frequency of reorientation ("reversals") of their swimming direction (for reviews, see refs. 2 and 3). Orange light generates attractant signals that suppress reversals, whereas near-UV light generates repellent signals that induce reversals. Several early events in the signaling process have been elucidated. Photon absorption by SR-I (Amax, 587 nm) causes isomerization around the C13==C14 double bond of the retinal chromophore (4) , which is essential for receptor activation (5) . The photoisomerization energy is transferred to the protein in a process requiring steric interaction between the retinal C13 methyl group and protein residues (6) . These events produce in <1 msec a spectrally distinct attractant signaling state (Amax, 373 nm) of the protein that decays thermally within seconds to the original unstimulated-receptor conformation (7, 8) . The repellent signal is generated by absorption of a second photon by the receptor when it is in its attractant signaling conformation (9) .
What is the nature of the components responsible for transmission of these signals to the flagellar motor? The gene-derived primary structure of SR-I reveals a seventransmembrane helix protein largely embedded in the membrane that has minimal cytoplasmic loops, similar in its structure to the related proton pump bacteriorhodopsin (10) . Unlike bacteriorhodopsin, SR-I is not an electrogenic ion pump (1, 11) , and photoreceptor signals are not propagated as electrical impulses along the membrane (12) . Fumarate (13) , cyclic nucleotides and Ca2+ (14) , and a G protein (15) have been suggested to be involved in postreceptor signaling. However, no postreceptor component capable of sensing SR-I conformations and transducing this information to modulate the motor has been demonstrated in these studies.
Phototaxis mutant analysis identified a methylated membrane protein with an apparent molecular mass of 97 kDa, expression of which tightly correlated with the SR-I protein of 25 kDa (16) . The methylation linkage (reversible carboxylmethyl esterification; refs. 16 and 17) of the 97-kDa protein is of the same type as that found in the chemotaxis signal generators ("transducers") of eubacteria (e.g., Escherichia coli), chemoreceptor proteins that transmit signals from the membrane to a cytoplasmic sensory pathway (18) (19) (20) . SR-I attractant and repellent signals modulate methyl group turnover in vivo, as do those from eubacterial chemotaxis transducers (21) . Based on these findings the 97-kDa methylaccepting protein was postulated to be the postreceptor transducer for SR-I signals (21) . Analysis oftaxis mutants and revertants (22, 23) 2 ) was confirmed by its high-stringency hybridization to each of the other two probes. Blots were exposed to either Kodak X-Omat XAR film or Hyperfilm (Amersham). Plasmid Preparation. Overnight E. coli cultures (1.5 ml) were grown in LB broth containing 100 mg of ampicillin per liter. Plasmids were prepared by using the Magic Mini Plasmid Prep kit (Promega). DNA was eluted from the cartridge with sterile milliQ water at 68°C, and the final volume was adjusted to 50 Al with additional milliQ water.
Plasmids were denatured at room temperature for 5 min by (Fig. 1) . The gene was sequenced in both directions by generating overlapping subclones derived from restriction digests and exonuclease III nested deletions (Fig. 2) . The gene-derived primary structure confirmed the two internal tryptic peptide sequences and the N-terminal sequence (Fig. 1) .
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The termination codon ofthe 1611-bp htrI overlaps the first base of sopI. Two putative promoter elements exhibiting close sequence identity to promoter sequences in other halobacterial genes (28) are located in an A+T-rich region upstream of htrI (Fig. 1) .
The residues (Fig. 3A) . These putative transmembrane regions are followed by a highly hydrophilic and highly acidic structure extending to the C terminus ( Fig. 3 A and B) .
Comparison of HtrI to E. coli Tsr. A search of the protein sequences in the GenBank and European Molecular Biology Laboratory data bases identified the highest sequence similarity of HtrI to eubacterial chemotaxis signal transducers, [e.g., E. coli Tsr, Tar, Trg, Tap, and related proteins in other eubacteria (18, 20) ]. HtrI exhibits 64% identity and 87% similarity (Genetics Computer Group package version 7.1) to a 47-amino acid region (HtrI residues 325-371) within the signaling domain (29) of Tsr (Fig. 4) . The flanking methylation domains in Tsr show a lesser degree of sequence identity to HtrI; however, the five doublet carboxylmethylation sites identified in Tsr (30) correspond to glutamate and aspartate residues in HtrI (Fig. 4) , potential carboxylmethylation sites. Further, four ofthese potential sites in HtrI occur in doublet acidic residues, which is characteristic of eubacterial carboxylmethylation sites (30) .
DISCUSSION
In the htrIl/sopI region, the only putative promoter sequences with strong identity to the H. halobium consensus promoter sequence (28) reside upstream of htrl (Fig. 1) . Two putative promoter elements with weaker sequence identity to an archaebacterial consensus promoter sequence were identified within 33 bp upstream of sopI (10) . To study expression of htrI and sopI in H. halobium, we used a selectable vector (M. P. Krebs, R. Mollaaghababa, and H. G. Khorana, personal communication) derived from a described plasmid (31) combined with the mevinolin-resistance gene (32) to transform strain Pho8l. SR-I expression was not detected from the Bcl I-Sal I fragment (from 986 to 34 bp downstream of bp 2437, Fig. 1 ), which contains the suggested sopI promoters. However, expression of both HtrI and SR-I was obtained when this fiagment was extended upstream to the BamHI site (-283) to include htrI and its putative promoters (Fig. 1 A common motif found in diverse eubacterial signal transducers is a highly conserved signaling domain in the C-terminal portion flanked by two methylation regions that function in adaptive attenuation of the signal (18, 20) . Existence of this motif in HtrI extends the family of eubacterial signal transducers to the archaebacteria, indicating an early origin for this type of signal transducer. In eubacterial chemotaxis, the signaling domain controls a two-component regulatory system that is a member of a widespread family of cytoplasmic phosphotransfer systems (19, 20) . Such a cytoplasmic transduction system has not been demonstrated in archaebacteria, but the existence of a similar signaling domain on HtrI suggests that this system may occur. In this regard, phenotypes of phototaxis and chemotaxis mutants of H. halobium exhibit similarities to first-and second-component mutants in E. coli chemotaxis (22, 23) .
A model for HtrI can be constructed based on sequence similarity to eubacterial transducers, hydropathy-plot analysis, and the requirement of a cytoplasmic location of the methylation and signaling domains (Fig. 5) . The distribution of charges surrounding the putative transmembrane segments is as expected from the view that charged residues act as a stop transfer signal (36) 
